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Nidogen mediates the formation of ternary complexes of
basement membrane components
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Nidogen mediates the formation of ternary complexes of basement
membrane components. Using a recombinant nidogen we have probed
the calcium binding potential of various nidogen domains, examined the
binding of nidogen to various basement membrane proteins and as-
sessed the ability of nidogen to mediate the formation of ternary
complexes between laminin and heparan sulfate proteoglycan and
collagen IV and laminin. The results of these experiments indicate that
the Ca2 binding is on the rod-like domain with additional binding
observed on the N-terminal Gi domain. With regard to the role of
nidogen in mediating complex formation among basement membrane
components it was demonstrated that nidogen effectively promotes the
formation of a ternary complex between laminin and collagen IV, with
both of these components interacting independently with nidogen.
Similarly, nidogen mediates a ternary complex formation between
laminin and proteoglycan. Interestingly, the interaction between pro-
teoglycan and nidogen is through the protein core of the proteoglycan.
We have localized the major interaction sites on nidogen with the
proteoglycan core and collagen IV to a region on the globular G2
domain while the C-terminal globe G3 binds to laminin. Ca2 binding
does not appear to be important in either of the binary or ternary
complex formations. The data reported allow us to hypothesize that, via
the multiple interactions of nidogen with other basement membrane
components, nidogen plays a crucial structural role in basement mem-
brane organization and stabilization.
Basement membranes are a morphological and structural
class of extracellular matrix which functionally serve as a
supramolecular support for adjacent tissues as well as being
involved in the phenotypic expression of those cells with which
it is in contact [1—4]. Cellular interactions with basement
membranes are strictly defined by the components present in
the basement membrane [5, 61. Many of the components of
basement membranes, such as collagen IV, laminin, heparan
sulfate proteoglycan and nidogen have specific sites expressed
on their structures which have been detected to support high
affinity interactions among the components [3, 7—11]. These
interactions impart an inherent structural organization to the
components [3, 4, 7, 12]. These precise organization and
stabilization of the major components of basement membranes
into a supramolecular structure is likely prerequisite for the
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correct expression of the biological activity of the basement
membrane.
The exact architecture of basement membranes is still essen-
tially unclear. Studies have shown the homotypic assembly of
collagen IV and laminin and the heterotypic interaction of
nidogen and laminin and laminin and heparan sulfate proteogly-
can [10—151. However, higher order organization of basement
membrane components and the localization of the sites on the
components which are involved in homotypic and heterotypic
interactions are not well defined. Previous efforts to elucidate
these interactions using isolated components, proteolytic frag-
ments and synthetic peptides have met with moderate success
[16—21]. Nevertheless, these experiments are necessarily lim-
ited by the nature of the reagents such as potentially denatured
components, fragments structurally defined by a particular
proteolytic susceptibility, and peptides which possibly are
structurally irrelevant. Therefore, the development of recombi-
nant components and fragments thereof which more likely
represent the in vivo structure of the components allows further
analysis of basement membrane component interaction and
assembly [22].
Nidogen (entactin), a 150 kDa glycoprotein, is a ubiquitous
constituent of basement membranes [18, 23]. This molecule has
been shown to bind laminin and therefore a structural role for
nidogen in basement membranes has been suggested [10].
Recently, recombinant nidogen has been utilized to develop a
new structural model for the protein as well as elucidating the
nature of laminin and collagen IV interaction with nidogen [221.
This new model presents nidogen as a three globe structure (G 1,
G2, 03) with Gi and G2 connected by a thin filament and
comprising the amino terminal portion of the molecule and 02
and G3 connected by a rod-like domain with G3 comprising the
carboxy terminal globe of nidogen (Fig. 1). It was shown that
nidogen could bind to laminin via the laminin B2 chain and also
with collagen IV at sites amino terminal to the collagen IV
globular domain [19, 24]. The binding to collagen IV was
promoted by the G2 domain of nidogen. Careful analysis of the
binding data suggested that recombinant nidogen, having been
expressed and isolated in the absence of denaturants, is more
representative of nidogen as found in vivo [22]. The data
presented in this report are an extension of those earlier
investigations in that we have now probed the role of nidogen as
a mediator in complex formation among the components of
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basement membrane and also the effect of Ca2 binding in these
process.
Experimental
Biological reagents
Full length recombinant nidogen, fragments Nd-I, Nd-Il,
Nd-Ia (amino terminal globes Gl + G2) and Nd-lb (rod-like
region) were produced in stably transformed 293 cells or HT
1080 cells and were purified to homogeneity from the cell
culture media as previously described [22]. Globe Gi was
obtained by thrombin digestion [19]. Heparan sulfate proteo-
glycan, its protein core and a tryptic fragment carrying the
heparan sulfate chains were isolated from Engelbreth-Holm-
Swarm tumor according to the procedure of Paulsson et a! [9].
Laminin and its fragments were prepared as described [10].
Ca2 binding assay
The ability of Ca2 to bind to various recombinant fragments
of nidogen was assessed by an overlay procedure [25]. Recom-
binant nidogen or the fragments were spotted at varying
amounts onto an Immobilon membrane. Following equilibra-
tion of the membranes for one to two hours at room tempera-
ture in 60 mti KC1, 10 mti imidazole/HC1, pH 6.8 and 5 mM
MgC17, the incubation solution was exchanged with an identical
solution but including 125 M 45CaC1, (1 Ci/ml), and the
incubation allowed to condition for an additional 10 minutes.
After the second incubation the filter was washed for five
minutes in 50% ethanol (vol/vol) to remove non-incorporated
45Ca2. The filter was then exposed to X-ray film (Kodak XAR)
to localize the radiolabeled spots. The spots were then excised
from the membrane and the 45Ca2 bound to the protein
quantitated in a /3 counter.
c Fig. 1. Shape of recombinant nidogen,
correlation with the sequence-predicted
domain structure (1-111) and localization of
major binding sites. Predicted calcium-binding
sites include two non-canonical EF hand
motifs (EF) and two consensus sequences
within EGF-like repeats (Ca). RGD indicates
a putative cell-binding site, Tyr-S04
consensus sequences for tyrosine sulfation
and S cysteine bridges not originating from
EGF-like repeats. See [18, 22].
Preparation of a complex betn'een nidogen and laminin
fragment P1
Nidogen and laminin fragment P1 were dissolved together at
a total concentration of 5 j.M in 0.2 ammonium acetate pH 6.9
and incubated at 4°C for 16 hours. The reaction mixture was
then chromatographed on a Superose 6 column (Pharmacia)
equilibrated in the reaction buffer. Aliquots across the elution
profile were subjected to analysis by SDS electrophoresis.
Protein binding assays
To assess the ability of nidogen to mediate ternary complex
formation between laminin and collagen IV or laminin and
low-density heparan sulfate proteoglycan, one ligand (collagen
IV or laminin) was immobilized in a 96-well microtiter plate
followed by incubation with nidogen (70 nM), and then washed
to remove non-bound nidogen. Then increasing concentrations
of the soluble ligand (laminin fragment P1 or proteoglycan) were
incubated in the wells. Detection of the binding of the soluble
ligand to the immobilized binary complex was by a specific
antibody directed against the ligand followed by a colorimetric
enzyme-linked antibody reaction [19].
To determine whether nidogen interacts with either the
heparan sulfate chains or the protein core of the proteoglycan,
binding assays similar to those described above were per-
formed. Either proteoglycan, the protein core or a small tryptic
fragment possessing the heparan-sulfate chains [9] was immo-
bilized on 96-well microtiter plates followed by incubation with
increasing concentrations of soluble nidogen. Following incu-
bation (6 hr, 4°C) and washing, the presence of bound nidogen
was detected by a specific anti-nidogen antibody and a colon-
metric enzyme-linked antibody reaction [19].
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Fig. 2. Binding of 45Ca2 to recombinant nidogen and nidogen frag-
ments in a dot assay. Proteins dotted in various amounts to the filter
were nidogen (•), reduced and alkylated nidogen (0), and fragments
Nd-I (G1-G2-rod) (A), Nd-Ia (GI-G2) (A), Nd-lb (rod) (U) and Nd-LI
(G3) (J). Binding profiles (not shown) for calmodulin were similar to
reduced and alkylated nidogen and for serum albumin similar to Nd-lI.
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Fig. 3. Chromatography of the complex formed between recombinant
nidogen and laminin fragment P1 on a Superose 6 column. Excluded
volume (V0) and elution positions of fragment P1 and nidogen, respec-
tively, are indicated by arrows. Arrow heads identify individual frac-
tions subjected to SDS electrophoresis showing coelution of nidogen
and P1 (see insert).
The high affinity between the ligands should also allow for the
isolation of defined complexes at a preparative scale. This is
illustrated for recombinant nidogen and fragment P1 which
when mixed at high concentrations (each about S jsM) coeluted
from a molecular sieve column in front of the elution positions
of each individual component (Fig. 3). Examination of the
complex after rotary shadowing demonstrated the formation of
equimolar associates (not shown).
Nidogen binding to heparan sulfate proteoglycan
Results
Calcium binding to nidogen and nidogen fragments
Calcium binding to two non-canonical EF hand motifs and
two EGF-like repeats were predicted from the sequence of
nidogen [18, 23]. We have now confirmed this prediction by a
dot binding assay and observed a strong uptake of 45Ca2 which
increased linearly with the concentration of recombinant ni-
dogen (Fig. 2). Reduction and alkylation of nidogen decreased
binding to about 20% which was then comparable to calcium-
binding by calmodulin. Studies with recombinant nidogen frag-
ments demonstrated almost full activity for Nd-I which consists
of domains Gi, G2 and the rod [22] and none for Nd-TI
comprising domain G3. Other recombinant fragments corre-
sponding to Gl-G2 or the rod also supported calcium binding
but were distinctly less active than fragment Nd-I (Fig. 2).
Domain G I, isolated by thrombin digestion of the laminin-
nidogen complex [19] had a similar activity as found for
fragment Nd-Ia (data not shown).
Nidogen binding to laminin and collagen IV
A high binding activity (Kd  1 nM) of recombinant nidogen
for laminin, laminin fragment P1 and collagen IV was previ-
ously shown by radioligand and other binding assays and by
electron microscopy [22]. We have now used such assays in the
presence of 2 mi EDTA and found no or only a slight decrease
in binding activity demonstrating that calcium is not essential.
Heparan sulfate proteoglycans are typical constituents of
basement membranes [1, 3]. A major form from the EHS tumor
has been characterized [9] and consists of a 500 kDa protein
core and three heparan sulfate chains. This proteoglycan
showed a distinct interaction with nidogen in an immobilized
ligand assay (Fig. 4). This binding could not be inhibited by high
doses of heparin (100 ig/ml) indicating that the protein core
contributes the binding sites. This could be shown directly with
heparitinase-digested proteoglycan (protein core) which had full
binding activity while a small tryptic fragment possessing the
heparan sulfate chains was inactive (Fig. 4). Further studies
with various recombinant nidogen fragments showed that do-
main G2 provides a major binding site for the protein core
(unpublished observations).
Nidogen-mediated complex formation
The potential of nidogen to recognize binding sites on three
major basement membrane components (laminin, collagen IV
and proteoglycan) raises the obvious question as to whether it
has also the ability to bridge these components. This could in
fact be demonstrated for immobilized collagen IV which did not
bind soluble laminin fragment P1 except after preincubation
with recombinant nidogen (Fig. 5A). The same nidogen-medi-
ated binding was also observed between immobilized laminin
and soluble proteoglycan (Fig. SB). None of these interactions
was dependent on calcium. These observations indicate that
similar ternary or larger complexes may also exist in situ.
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Discussion
The assembly of basement membrane components into a
stable supramolecular structure is a complex event with most of
the components involved in homotypic and heterotypic inter-
actions. To a certain extent those sites of interaction have been
localized to various regions on the individual components.
Except for the oligomerization of collagen IV, proteoglycan and
laminin 113, 14, 26, 271, little is known about the molecular
interactions of the components beyond the level of the hetero-
typic binary interactions observed for laminin, nidogen, proteo-
glycan and collagen IV [10, 16, 19, 281. Our recent ability to
produce recombinant nidogen and fragments which represent
combinations of the domain structures of the molecule without
the use of denaturants or proteinases has allowed us to develop
a new model structure of nidogen and thus to extend our
understanding of basement membrane organization [221.
One of the most interesting aspects of the recombinant
nidogen structure is the presence of two globular domains (G 1
and G2) connected by a thin filament-like structure (Fig. 1).
This subdomain arrangement for the amino terminal of nidogen
was previously suggested based upon protein sequence and
proteolytic susceptibility studies [16—19]. From the analysis by
negative staining microscopy of recombinant nidogen, the Gi
and G2 globes are estimated to approximately comprise resi-
dues 1-205 and 350-650, respectively. The thin filament connect-
ing the two globes corresponds to sequence-predicted subdo-
main lb [18]. This is the region in which most of the
endogenously produced proteolytic cleavages of EHS tumor
nidogen has been observed [17, 18]. Thus, this new represen-
tation of nidogen structure supports an earlier hypothesis that
this proteinase sensitive subdomain (Ib) is localized between
two stable domains (Gl and G2) in the nidogen structures [181.
Nidogen is the most proteinase sensitive protein in basement
membrane, however, the functional significance of this prop-
erty is as yet unknown. Nevertheless, we speculate that this
proteinase sensitive region in nidogen may be crucial for the
proteinase-dependent remodeling of basement membranes with
a resultant alteration of biological function.
The binding of Ca2 to basement membrane components,
particularly laminin and nidogen, appears to be important for
their oligomerization [13, 14, 20]. Nidogen has two non-canon-
ical EF hand Ca2 binding consensus sequences (residues 15-26
and 250-261) in its amino terminal Gi domain and two consen-
sus sequences in subdomains JIb and lid of the rod-like domain
which may also function as Ca42 binding sites [18, 231. Using
full length recombinant nidogen and recombinant fragments we
have demonstrated that nidogen binds Ca2 and, as predicted
from the sequence, the binding sites are localized to the amino
terminal globe Gi and the rod-like domain. We were not able to
detect any effect of Ca2 binding in the formation of binary
complexes or of nidogen-mediated ternary complexes. This is
not surprising since the apparent Ca2 binding sites and various
protein interaction sites are located on different domains within
the nidogen molecule. Thus, the functional role of Ca42 binding
by nidogen, although likely important, is still unclear.
In the absence of denaturants, laminin and nidogen are
isolated in a strong 1:1 molar complexes (Kd < i0 M) [10,22].
Microscopic analyses of the complex as well as the use of
proteolytic fragments of both laminin and nidogen have indi-
cated that the sites of interaction between nidogen and laminin
lie within the carboxy terminal globe of nidogen (G3) and
rod-like region on the B2 chain adjacent to the cross-arm
structure of laminin respectively [10, 22, 24]. Using recombi-
nant nidogen and a proteolytic fragment of laminin, P1, which
contains the rod-like region of the B2 chain, we also have
observed a stable interaction between the two molecules.
Furthermore, the identification of the laminin interaction site on
nidogen as residing in the G3 domain suggests that the other
domains of nidogen, that is, G2, may function to interact with
other components such that multimeric complexes could be
formed via nidogen mediation [221.
To date, the ability of laminin to directly interact with
collagen IV has been difficult to assess. In previous studies
laminin dissociated from the laminin-nidogen complex as well
as proteolytically-derived laminin fragments could not be
shown to bind collagen IV [19]. However, using the laminin-
nidogen complex, binding of the complex was predominantly
seen at a site approximately 80 nm from the NC 1 domain of
collagen IV with an additional, weaker, site observed proximal
to the amino terminal of collagen IV [19]. These studies
suggested the mandatory presence of nidogen for laminin/
collagen IV complex formation to occur. As seen from our
results reported here, we have now demonstrated the role of
nidogen in the formation of this complex and have localized the
collagen IV binding region near or on the G2 domain of nidogen,
distinct from the laminin binding site on the G3 domain.
Previous studies have indicated the interaction of various
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Fig. 4. Binding of recombinant nidogen to immobilized /zeparan sul-
fate proteoglycan ligands. The binding is shown to intact proteoglycan(•), its protein core (•) and a tryptic fragment possessing the heparan
sulfate side chains (A). Detection was with nidogen-specific antibodies.
-Fig. 5. Nidogen-mediated complex formation
between immobilized collagen IV and soluble
laminin fragment P1(A) and between
- immobilized laminin and soluble heparan
sulfate proteoglycan (B). The immobilized
ligands were preincubated with either 70 nM
recombinant nidogen (I, A) or with buffer
102 101 100 102 101 10° 11 alone (0, ). Detection was with specific
antibodies for fragment P1(A) or for
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Fig. 6. Proposed mediator role of nidogen in
_______________
the supramolecular organization of basement
membrane architecture. Arrows delineate
_______________
potential interactions of nidogen domains G2
___________
and G3 with sites in laminin, the collagen IV
triple helix and the proteoglycan protein core.
Further potential interactions include the
heparan sulfate (HS) chains. Details of the
domain models, mapping of binding sites and
evidences for self assembly and oligomer
formation are found in [3, 9, 14, 16, 18, 19,
22—24, 27].
basement membrane components with proteoglycan primarily
through the heparan sulfate chains of the molecule. For exam-
ple, heparin and proteoglycan binding sites have been mapped
to several sites on the collagen IV al(IV) and a2(IV) chains and
to globular domains of laminin [3, 15, 16, 29; Battaglia et al,
manuscript in preparation]. All of these types of interactions of
the heparan sulfate chains are weak interactions (Kd 1 iiM)
dissociated by low salt concentrations. However, the presence
of stronger proteoglycan interactions with other basement
membranes components which cannot be disrupted by increas-
ing ionic strength buffers suggests that the protein core of the
proteoglycan may be involved in some interactions of basement
membrane components [9]. Using recombinant nidogen we
have shown that strong binding can occur between nidogen and
proteoglycan, and that the binding occurs through its protein
core (Fig. 4) and not the heparan sulfate chains. Furthermore,
our data indicate that nidogen, similar to the situation observed
with laminin and collagen IV, also serves to mediate complex
formation between laminin and proteoglycan (Fig. SB).
The data presented in this paper along with our recently
published report on the structure of recombinant nidogen [22]
suggest a much more complicated structural and functional role
for nidogen in basement membrane organization and activity.
The various interactive capabilities of nidogen are schemati-
cally shown in Figure 6. In this figure we have proposed that
nidogen serves to mediate in the strong binding interactions
observed between laminin, collagen IV and proteoglycan. One
can hypothesize that under certain conditions of basement
membrane formation, nidogen mediated formation of various
ternary complexes may serve as nucleation sites for further
assembly and organization of the basement membrane struc-
ture. Alternatively, following polymerization of laminin and
collagen IV network structures, the introduction of nidogen
may result in a subtle reorganization and stabilization of the
basement membrane structure. Although experiments to test
these hypotheses have yet to be completed, the availability of
recombinant basement membrane components such as recom-
binant nidogen which more closely represents the in vivo
structure for the molecule should greatly enhance our under-
standing of basement membrane assembly and organization.
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